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It has been included in the aquatic priority pollutants list of China. 2 Based on the health risks from this compound, different countries have set limits for chloroform in drinking water. In China, the regulation of chloroform is 60 µg l -1 . Hence, evaluation and monitoring of trace levels of this compound in drinking water are very imperative. In order to determine trace levels of this pollutant in drinking water, it is important to develop rapid, simple, and accurate methods.
For trace levels of chloroform and other pollutants in aqueous samples, liquid-liquid extraction (LLE) is a versatile samplepreparation technique, however, it is considered to be a timeconsuming, tedious, multistage operation. 3 At the same time, LLE also requires large amounts of toxic organic solvents. 4 Headspace method is suitable for the analysis of samples with high contents of chloroform. 5 The purge and trap method is, however, more time-consuming. 6 Solid-phase microextraction (SPME) is a novel solvent-free sample preparation technique and has been developed for pretreatment of chloroform. 7 The technique is simple, rapid and easily operated, however, SPME also suffers from some drawbacks: it is expensive and sample carry-over is also a problem. 8 The continuous quest for novel sample preparation procedures has led to the development of new methods, whose main advantages are their speed and negligible volumes of solvents used. 3 The most recent trends include liquid-phase microextraction, a miniaturization of the traditional liquid-liquid extraction. 3 This novel technique is based on the distribution effect of the analytes between a microdrop of organic solvent at the tip of a microsyringe needle and aqueous sample solution. The organic solvent drop is first exposed to the sample solution and target analytes are extracted from the sample matrix into the drop.
After the equilibrium is reached, the drop with concentrated analytes is then transferred to the injection port of a gas chromatograph for analysis. The method eliminates the disadvantages of conventional extraction methods, such as timeconsuming operation and using specialized apparatus. At the same time, LPME combines extraction, concentration and sample introduction in one step. Similar to SPME, there are two modes of LPME sampling: direct LPME and headspace LPME (HS-LPME).
Direct LPME technique has been successfully used for the analysis of polycyclic aromatic hydrocarbons (PAHs), 9 organochlorine pollutants, [10] [11] [12] nitroaromatic explosive 13, 14 and so on. However, to our knowledge, there is no report on the determination of chloroform in drinking water samples using the direct LPME mode. In this work, a novel method has been developed for the determination of chloroform in drinking water. It is based on direct liquid-phase microextraction and gas chromatographymass spectrometry.
Parameters affecting the extraction efficiency, such as solvent selection, organic solvent dropsize, stirring rate, ionic strength and extraction time, were studied. The proposed LPME method shows good linearity and sensitivity.
Tap water samples from a laboratory were successfully analyzed using the proposed method. The relative recovery of spiked water samples (at the 30 µg l -1 level) was 104%. In this paper, a novel method for the determination of chloroform in drinking water has been described. It is based on liquid-phase microextraction (LPME) and gas chromatography-mass spectrometry (GC-MS). Extraction conditions such as solvent selection, organic solvent dropsize, stirring rate, content of NaCl and extraction time were found to have significant influence on extraction efficiency. The optimized conditions were 1.5 µl xylene, 20 min extraction time at 400 rpm stirring rate without NaCl addition. The linear range was 1.0 -100 µg l -1 for chloroform. The limit of detection (LOD) was 1.0 µg l -1 ; and relative standard deviation (RSD) at the 30 µg l -1 level was 2.9%. Tap water samples from a laboratory were successfully analyzed using the proposed method. The relative recovery of spiked water samples was 104%. were of analytical grade. A fixed concentration of benzene internal standard (1:5 × 10 7 , v:v) was prepared in the extraction solvent, xylene. Working solutions of chloroform were diluted using double distilled water, which has been boiled for 1 h in a large beaker to remove chloroform. All solutions were stored at 4˚C in the dark.
Water samples were collected in glass jars (250 ml) with screw caps and teflon inserts. Glass jars were carefully and completely filled. Samples were stablized by the addition of 25 mg ascorbic acid per 20 ml water samples. The samples were analyzed directly or stored at 4˚C within 48 h.
Instruments
A HP 6890N gas chromatograph (Hewlett-Packard 6890N, USA) equipped with a mass spectrometer was used for all analyses. The GC was fitted with a HP-5MS fused silica capillary column (30 m × 0.25 mm × 0.25 µm) coated with 5% phenylmethylpolysiloxane. The gas chromatography conditions were as follows: injector temperature, 250˚C; detector temperature, 250˚C; initial oven temperature, 40˚C for 5 min, then postran to 250˚C for 7 min. Helium of high purity was served as carrier gas. The inlet was operated in splitless mode. "ISM" mode with m/z values of 47, 83 and 85 for characterized ions of chloroform was used. The temperature of transfer line was maintained at 280˚C. The energy of electrons was 70 electronic volts.
LPME procedure
A 15 ml vial with a stir bar was placed on a magnetic stirrer. LPME was performed with a commercially available 5 µl GC microsyringe (Shanghai, China). Before each extraction, the syringe was rinsed at least 20 times with solvent. The microsyringe was fixed above the extraction vials with a septum. After the needle passed through the septum, the needle tip was immersed into the 15 ml working solution and kept about 1.2 cm below the surface of the solution. Then 1.5 µl xylene containing of I.S. (benzene) was extruded out of the needle and kept suspending at the needle tip. During the extraction, the solution was stirred at 600 rpm. When the extraction time of 20 min was finished, the drop was retracted into the syringe, which was removed from the sample vial. The plunger was then depressed to the 1 µl position, and the needle tip was cleaned carefully with a tissue to remove possible water contamination. Finally, the extract was injected into the GC injector and analysis was carried out.
Results and Discussion
In order to develop a simple and sensitive LPME method for determining chloroform in drinking water, we optimized several parameters affecting extraction efficiencies, such as selection of solvent, solvent dropsize volume, stirring rate, salt addition and extraction time. To obtain the optimized extraction conditions, we used the ratio of peak area of analyte and that of internal standard as the GC response (relative peak area) to evaluate the extraction efficiency under different conditions.
Selection of solvent and solvent drop volume
Like SPME, static LPME is a process dependent on equilibrium rather than on exhaustive extraction. 13 When the partition equilibrium is reached, the amount of extracted analyte can be expressed as follows:
Here, n is the amount of the analyte extracted by extraction solvent when partition equilibrium is attained. Kodw is the organic drop-water distribution constant. C0 is the initial concentration of the analyte in the sample matrix. Vd and Vs are the volumes of the drop and the sample, respectively. As indicated by Eq. (1), it is essential to select a proper organic solvent for the establishment of LPME method, which is dependent on the chemical nature of the target analytes. The extraction solvent must meet two requirements: to extract analytes well and to be separated from the analyte peak in the chromatogram. 15 Four solvents differing in polarity: toluene, xylene, heptane and dibutyl phthalate, were compared. Solvent selection was performed by extraction of water samples spiked with chloroform (15 ml at the level of 30 µg l -1 ) with a single solvent drop (2.0 µl). Spiked water samples were extracted at room temperature for 10 min with 600 rpm stirring rate. Trials data indicated that xylene gave the best extraction efficiency. Therefore, in the following work, xylene was chosen as the extraction solvent.
From Eq. (1), it can be seen that organic solvent drop volume is another important factor affecting LPME efficiency. To increase the sensitivity of the LPME procedure, we optimized the toluene drop volume. For this purpose, experiments were performed by increasing the drop volume from 1.0 to 3.0 µl, for extracting spiked water samples (15 ml at the level of 30 µg l -1 ), in triplicate, under the same experimental conditions as described above. As shown in Fig. 1 , the relative peak area of chloroform decreased with drop volume. However, using low drop volumes of organic solvents can result in the obvious loss of the organic drop. Considering these factors, in the following investigations we fixed the drop volume at 1.5 µl. At the same time, in order to correct for variable injection volumes, benzene was used as an internal standard (1:5 × 10 7 , v:v). The analytical signal was the relative peak area of the analyte to that of the internal standard. 
Stirring rate
The effects of stirring rate on the extraction of chloroform were dermined in the range of 0 to 800 rpm. Fifteen-milliliter working solutions were continuously agitated for 10 min at different stirring rates. It is obvious that the relative peak areas of the analyte increase with increase of stirring rate in Fig. 2 .
Based on the penetration theory of mass transfer of solute, the aqueous phase mass-transfer coefficient βaq is given by:
where Daq is the diffusion coefficient in the aqueous phase, and te is the exposure time of a small fluid volume element of one phase momentarily in contact with the other phase. 16 According to the theory, βaq increases with increasing stirring rate because at a faster stirring rate the value of te is smaller. 16 As a result, agitation enhanced extraction efficiency. Our experiment results support this explanation. Although higher stirring rates (> 600 rpm) resulted in greater extraction efficiency, they also gave rise to instability of organic drop. Therefore, stirring rate of 600 rpm was used for subsequent experiments.
Extraction time
Like SPME, LPME is a process dependent on equilibrium.
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The amount of analyte extracted at a given time is dependent on the mass transfer of analyte from aqueous samples to the organic solvent drop. This procedure requires a period of time for equilibrium. The extraction time profile was performed by monitoring the variation of relative peak area with exposure time under the following conditions: 15 ml THMs working solution, stirring at 600 rpm. As can be seen in Fig. 3 , the relative peak area of chloroform increased with extraction time up to 10 min. After 10 min, the amount of analytes extracted shows a much slower increase. At the 20 min time point, the amount extracted reaches the largest value, then the value keeps constant. Therefore, in all subsequent optimized experiments, 20 min extraction time was used.
Ionic strength
Addition of salt to water samples can increase the ionic strength of the solutions. This has been used universally in SPME and LLE. Generally, it can decrease the solubility of analytes in the aqueous sample and enhance their partitioning into the fiber coating for SPME or the organic phase for LLE. The effect of ionic strength in this experiment was assessed by the addition of NaCl. Results show that addition of salt can improve LPME efficiency of chloroform by 20 -30%. At the same time, it was also found that the instability of the organic drop increases with the increasing amount of NaCl. It was suspected that addition of salt increases the density of the solution so that the flotage of organic drop increases according to the following principle of Archimedes flotage:
Here Fd is the flotage of organic drop in the aqueous samples, ρaq is the density of aqueous phase, g is gravity, and Vd is the volume of the organic drop. As a result, the instability of organic drop also increases. For example, when the amount of NaCl added to the aqueous samples is 2.0 g, it is difficult to maintain the integrity of the organic drop and nearly 70% of the experiments failed due to the flotage of organic drop. So, no salt was added to the solutions during the following experiments.
Linear range, limit of detection and repeatability
Under the above optimum conditions, linear range, detection of limit and repeatability were obtained. The linearity range of the method was tested by varying the concentration of the standard solution over a range from 1.0 to 100 µg l -1 , at 1.0, 5.0, 10, 30, 50 and 100 µg l -1 levels, respectively. The coefficient of correlation (R 2 ) for six-point curve is 0.9998 for chloroform (Fig. 4) . The results agreed well with Eq. (1) that the amount of analyte n extracted by the microdrop is proportional to the initial concentraction of the analyte C0. The limit of detection (LOD), based on a signal-to-noise ratio (S/N) of 3, is 1.0 µg l -1 . To assess the precision of the measurement, we determined the repeatability of the method by repeating five times using aqueous standard solutions with 30 µg l -1 level. The RSD was found to be 2.9%.
Environmental water sample analysis
The above LPME method was then applied to analyze the 565 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Fig. 2 Effects of various stirring rates on the extraction efficiency. Fig. 3 Effects of time on the extraction efficiency. concentrations of chloroform in tap water. Tap water samples were collected from a laboratory. The results showed that in tap water samples, 1.6 µg l -1 chloroform was detected and the amounts were confirmed by comparing with a standard chromatogram (Fig. 5) . However, the concentration of chloroform was below the guideline of the World Health Organization (WHO). Chloroform with 30 µg l -1 level was spiked into tap water samples to assess matrix effects. The recovery for chloroform was 104% in tap water. The results demonstrate that tap water matrices have little effect on LPME.
Conclusions
Liquid-phase microextraction technique coupled to capillary column gas chromatography-mass spectrometry was successfully applied to determine chloroform in drinking water. Among the organic solvents examined, xylene was the most suitable solvent for the analytes. Extraction conditions such as solvent selection, organic solvent dropsize, stirring rate, content of NaCl and extraction time are optimized and must be kept constant during the procedure of analysis. Tap water samples were used to assess this novel method. In tap water samples, chloroform was successfully detected: its concentration was 1.6 µg l -1 . This concentration of chloroform was below the guideline of WHO. Compared with previous headspace liquid phase microextraction method (HS-LPME), 1 the present method does not need high boiling point and low vapor pressure solvent, which will greatly shorten instrumental analytical time. However, for HS-LPME mass transfer in the headspace is assumed to be a fast process, because diffusion coefficients in the gas phase are typically ∼10 4 times greater than corresponding diffusion coefficients in condensed phases, 17 which will greatly shorten the equilibrium sampling time of HS-LPME. At the same time, direct LPME is suitable for clean aqueous samples while HS-LPME is suitable for complex samples with volatile target compounds and can avoid matrix effect. In a word, whether direct LPME or HS-LPME, it can be concluded that LPME is a useful tool for the analysis of drinking water. More samples from Jinan City are being analyzed using this technique.
